Introduction
Following radiation exposure, the skin may exhibit various detrimental effects: deterministic (previously called non-stochastic), stochastic, or both. Which of these end-points is most important depends on the interplay of the spatial variation in energy deposition and the spatial distribution of the relevant critical biological structures in the skin.
For beta rays in the commonly encountered energy ranges, and for soft x rays, the skin is subjected to a rapid decrease of absorbed dose with depth ( Figure  3 .1), which leads to a strong dependence of the various biological responses on the energies of the beta-ray spectrum. It is thus important to keep in mind the basic structure of the skin, especially the depths of the cells involved in the different biological effects. Such information influences dosimeter design and use and provides a basis for understanding the significance of exposure limits. A detailed account of skin radiobiology is given in ICRP Publication 59 (ICRP 1991a) . Skin dose limits have been reviewed by Sowby (1986) and Fry (1990) .
Anatomical Description
The skin consists of two distinct layers, the epidermis and the underlying dermis (Figure 3 .1). The epidermis varies widely in thickness according to body site. It may be as thin as 20 ,um (2 mg cm -2) only for a small proportion of the population and on certain body sites such as the face (lCRP, 1975; Whitton and Everall, 1973; Konishi and Yoshizawa, 1985) , or thicker than 500 ,um on the palms of the hands or soles of the feet. Since it is necessary to agree on a typical range, this report adopts the values 20 to 100 J.Lm (2 -10 mg.cm-2 ) assumed in ICRP Publication 59 and ICRP Publication 60 (lCRP 1991a (lCRP , 1991b to apply to most of the skin area. The basal cell layer of the epidermis is the layer where most cell divisions take place. It is one cell thick but is distributed at depths between 20 and 100 ,um (lCRP 1991a (lCRP , 1991b . The outermost region of the epidermis (stratum corneum) is composed oflayers of dead, keratinized cells.
The dermis is a thicker layer of connective tissue, up to 3-4 mm deep, again dependent on body site. The dermis supports various structures such as hairs, sebaceous glands and sweat glands. There are three networks of blood vessels within the dermis in man. They are parallel to the surface and located at various depths.
The hair follicles, which are epidermal structures produced by ingrowth from the epidermis, are also sheathed in an epidermal cell layer. The hair canal thus provides a reservoir of epidermal cells, deep in the dermis, which can be a focus of epidermal cell repopulation following damage to the skin surface.
Stochastic Effects of Beta Radiation:
Cancer Induction
The choice of skin depth which is appropriate for evaluating skin dose relevant to skin-cancer induction is a matter of some controversy. This is due, in part, to the difference in thickness of the skin at different body sites and, in part, because there is not complete scientific agreement on the identity of the target cells for the different types of induced carcinomas. It is reasonable to assume that the site of the target cells is the basal layer of the epidermis, at depths of 20-100 ,um.
The probability of cancer induction by ionizing radiation depends on the dose and the area of skin exposed. It is considerably higher for areas of the skin normally exposed to sunlight, such as the head and neck (Shore, 1990; ICRP, 1991a ) and for such areas it probably depends on the degree of skin pigmentation. It has been shown in epidemiological studies to be significant for absorbed doses as low as 1 Gy.
Deterministic Effects of Beta Radiation
Under most circumstances, deterministic effects in the skin are considered to be of more concern than stochastic effects (lCRP 1991b). The effects produced involve damage to different target cells at different depths and with different radiosensitivities, and therefore depend strongly on beta-ray energy. Identification of the "target depth" is relevant to dosimeter design since it relates a defined biological effect to the dose at this depth, regardless of the beta-ray energy. The severity of these effects depends also on dose rate and on the area of skin irradiated. Thus, although a "threshold dose" for a given effect is often quoted, it may apply only to the particular measurement depth, beta-ray energy, irradiated skin area and dose rate for which it has been determined. Examples of the relations among dose, beta-ray energy and area of irradiated skin, leading to a given probability of skin breakdown, are given by Hopewell (1990 Hopewell ( , 1991 and in ICRP Publication 59 (lCRP, 1991a) .
Responses are often categorized as early (acute) or late (chronic) depending on whether the time between exposure and effect is short (days/weeks) or long (months/years).
Early (Acute) Deterministic Effects
Apart from transient erythema, produced by acute doses of several grays or more to the superficial blood vessels ofthe upper dermis, at least two types of early (or acute) deterministic effects must be considered:
(1) Moist desquamation, which is the result of mitotic death of the basal cells of the epidermis (including those around hair follicles) and damage to the superficial network of blood vessels. For pigskin it occurs 4-6 weeks after exposure to acute doses > 12 Gy, depending on the conditions (ICRP 1991a). Protraction of the exposure time increases the threshold dose. The target depth for this effect is about 500 ,urn, corresponding approximately to the depth of the basal cell layer around the hair follicles.
(2) Dermal necrosis, which results from damage to the deep dermal vasculature, and occurs ;::0: 10 weeks after exposure. The target depth is > 1000,um, so low energy beta rays do not produce this effect. Dermal necrosis was seen in some of the Chernobyl accident victims who received absorbed doses of ;::0: 20 Gy from high energy beta radiation, at a depth of 1500 ,urn (Barabanova and Osanov, 1990).
Late (Chronic) Deterministic Effects
Dermal atrophy and damage to the deep vasculature, including telangiectasia (see Appendix E, Glossary), are the main late effects following an acute exposure (Reinhold et al., 1990) . They become apparent on a time scale of months or years. Dermal atrophy, detected as dermal thinning or as induration of the skin, can occur at doses below the threshold for acute breakdown of the skin. The target depth for specifying the dose is about 300-500 ,urn (Wells, 1986) . With fractionated x-ray exposures, the threshold absorbed dose for telangiectasia and late dermal atrophy (evaluated 5 years post irradiation) is about 30..:...40 Gy.
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3.5 Special Cases 3.5.1 Hot Particles "Hot particles" are small, highly radioactive particulates of nominal diameter up to about a mm. They can produce extremely high doses over very small areas and raise special problems for measurement (Section 9.4) and for prediction of biological damage.
Stochastic Effects. The probability of skin cancer induction by beta radiation from hot particles has been contentious (Albert et al., 1967; Charles et al., 1988) . This probability can be conservatively estimated by using the average dose over the whole-body skin area (NCRP, 1989b) . At dose levels comparable to the threshold for producing significant deterministic effects, the probability of cancer induction is negligible (Charles, 1990 (Charles, , 1991 NCRP, 1989b ).
Deterministic Effects. The lesion of most concern is acute transient ulceration (which may occur about 2 weeks after irradiation), sometimes followed by infection. The severity of the ulcer increases with dose. It is difficult to specify the most appropriate target depth and the area over which doses should be averaged. For acute irradiations by medium or high energy beta rays, one set of measurements of the threshold absorbed dose, measured at a depth of 100-150 ,urn, gave about 70 Gy when averaged over 1.1 mm 2 and about 1 Gy when averaged over 1 cm 2 (Hopewell et al., 1986) .
Low-Energy Beta Rays
Low energy beta rays (e.g., from 147Pm, Emax = 0.23 MeV) predominantly irradiate the epidermis. At very high doses (e.g., 100 Gy) they can cause acute epidermal necrosis (i.e., interphase death of cells in the mid-epidermis). This effect is similar to moist desqua- ,.,. 0"·' .
Pm-147
Co-6O Photons Fig. 3.1 . Structure of the skin, showing the approximate relationship between depths of important biological structures and the variation of absorbed dose with depth, for various beta radiations and 15 keY photons. The thickness of the epidermis is exaggerated in the figure. Beta-ray doses are from plane, large area, isotropic sources at a short distance from the surface and do not include contributions from photons mation but occurs earlier (within about 10 days) and lasts for a shorter time. The dose should be monitored at the depth of the basal cell layer. Because of their weak penetration, such low energy beta rays do not produce dermal atrophy or dermal necrosis.
Limits on Skin Dose
When skin is exposed only to weakly penetrating radiation, the skin dose may be a major contributor to the effective dose. The ICRP recommends (ICRP, 1978 (ICRP, , 1991b ) that the effective dose include a contribution of 0.01 H skin where H skin is the equivalent dose to the skin at a depth of 70 Jim, averaged over the whole surface of the body. The mean annual limit on effective dose (20 mSv) is then considered to provide adequate protection of the skin against stochastic effects. This implies a mean annual occupational limit of 2 Sv to the skin when the whole of the skin is exposed.
To prevent lasting, cosmetically-unacceptable, deterministic damage, the ICRP has recommended a more restrictive annual occupational limit of 0.5 Sv, at 70 Jim depth and averaged over 1 cm 2 regardless of the area exposed (ICRP, 1977 (ICRP, , 1991b . This limit is at least 4 times smaller than is implied for stochastic effects. It is based on the assumption that significant damage may occur at total dose equivalents of 20 Sv or more, accumulated by the same area of skin over a working lifetime. Since data on late dermal atrophy (Wells, 1986) suggest that the relevant skin doses should actually be evaluated at depths between 300 and 500 Jim, the above limit may sometimes be conservative. Deterministic skin damage caused by strongly penetrating radiation will nearly always be adequately restricted by the limit on effective dose.
The dose limit for exposures from hot particles is controversial. In ICRP Publication 59 (ICRP, 1991a), it was estimated that to prevent acute transient ulceration by a single exposure to 90Sr _Y or 170Tm beta rays, the dose equivalent at 100-150 Jim, averaged over an area of 1 cm 2 , should be limited to 1 Sv (Charles, 1990 (Charles, , 1991 . However, the ICRP recommends that the more restrictive annual limit described above, for preventing deterministic damage from doses distributed over larger areas, apply also to hot particles (ICRP, 1991b) .
The NCRP (NCRP, 1989) has recommended a limit of 10 10 beta particles emerging from a hot particle. This limit, which corresponds to about 5 times the limit estimated in ICRP Publication 59, is still under discussion. Comparison ofthe ICRP and NCRP limits is difficult because of somewhat different biological endpoints used and of uncertainties in the results of the experiments on which these limits are based (Baum and Kaurin, 1991; Charles, 1991) .
